This paper reports the atom probe analysis results of the oxygen dissolved in the as-cast amorphous and crystallized Zr 65 Cu 15 Al 10
INTRODUCTION
Following the discovery of multi-component Zr-based amorphous alloys with wide supercooled liquid regions by Inoue et al. [1] , intensive investigations have been carried out to develop new Zr-based bulk amorphous alloys which can be processed by the conventional casting method at low cooling rates [2] [3] [4] . One of these is Zr 65 Cu 17.5 Ni 10 Al 7.5 alloy with a wide supercooled liquid region, ∆T x = T x -T g = 127 K [1] , where T x is the crystallization temperature and T g is the glass transition temperature. It is generally known that the alloy with a wide supercooled liquid region or a high reduced glass transition temperature, T g /T m , where T m is a melting temperature, has an excellent glass forming ability and the fabrication of a bulk amorphous alloy by conventional casting processes is possible. Recent investigations [5] [6] [7] [8] [9] [10] reported that oxygen content in the Zrbased amorphous alloy significantly affects the glass forming ability of Zr-based amorphous alloys, but the mechanism how oxygen impurity affect the crystallization kinetics is not well established. In order to clarify this, it is essential to measure the distribution of oxygen in the metallic glasses in a microscopic scale. Atom probe field ion microscopy (APFIM) is the most suitable technique to determine the local chemical concentrations of oxygen in the amorphous alloy in a sub-nanometer scale, and we have employed this technique for characterizing oxygen dissolution and redistribution in Zr-based amorphous alloys.
Zr 65 Cu 15 Al 10 Pd 10 amorphous alloy was selected for this study, because it forms nanocrystalline microstructure by crystallization [11] and is thought to be suitable for observing the crystallization event in conjunction with the oxygen redistribution by the APFIM technique. Zr 65 Cu 17.5 Ni 10 Al 7.5 amorphous alloy was also studied, because this is one of the most well-studied metallic glasses with an excellent glass forming ability, and the phase formation by crystallization was most widely studied in conjunction with the oxygen impurity [9, 10] . However, up to now, the microstructural evolution has not been investigated in detail with respect to the effect of impurity oxygen. To investigate the oxygen effect on the crystallization reaction, a direct observation of the oxygen distribution is desirable. In this study, we have observed the distribution and redistribution of oxygen atoms dissolved in the Zr 65 7.5 were prepared by arc melting the mixtures of pure metals in an argon atmosphere. Rapidly solidified ribbons of 20 µm in thickness and of 1.5 mm in width were prepared by the single roller melt spinning method in an argon atmosphere. The as-quenched sample had an amorphous structure. The ribbon were crystallized by isothermal annealing in vacuum-sealed quartz tubes. The ribbon shaped specimens were mechanically ground to square rods of approximately 20 µm × 20 µm × 8 mm and then electropolished by the micro-electropolishing technique for obtaining needle shape specimens for field ion microscope (FIM) observation. Elemental maps of alloying elements were measured by a three dimensional atom probe (3DAP). The 3DAP used in this study was equipped with CAMECA tomographic atom probe (TAP) detection system [12] . Atom probe analyses were performed at tip temperatures of about 70 K in an ultrahigh vacuum condition (< 1 × 10 -8 Pa) with a pulse fraction (a ratio of pulse voltage to the static voltage) of 0.2 and a pulse repetition rate of 600 Hz. The microstructure was observed with a Philips CM200 transmission electron microscope (TEM) operated at 200 kV and a JEM 4000EX high resolution electron microscope (HREM) operated at 400kV. The TEM samples were prepared by mechanical grinding and ion beam thinning. shows the corresponding concentration depth profiles determined from the analyzed volume in Fig 1(a) . The overall composition (Zr = 66.5 at.%, Cu = 13.5 at.%, Pd = 11.1 at.% and Al = 8.8 at.%) determined by the 3DAP result agrees reasonably well with the nominal composition of the alloy, and the oxygen content has been determined to be approximately 0.1 at.%. Figure 2 shows an HREM image of the Zr 65 Cu 15 Al 10 Pd 10 alloy annealed at 730 K for 30 min. At this stage, the microstructure is composed of nanoscale primary crystals embedded in the amorphous matrix. The average grain size was estimated to be about 10 nm. Figure 3 shows 3DAP analysis results obtained from the specimen annealed at 730 K for 30 min. The Al elemental map from an analysis volume of 16 × 16 × 28 nm ( Fig. 3(a) ) shows that there is a particle in which Al atoms are depleted. The concentration changes across the particle have been determined from the inset box A as indicated in Fig. 3(b) . The Al concentration of the Al depleted region is only 2 at.%, and Zr is enriched replacing for Al atoms. Oxygen is also rejected from this region. However, there are no large differences in the concentrations of Pd and Cu. Although the structures of the crystalline products have not been determined in this work, this phase is presumed to correspond to the Zr 2 (Cu, Pd) as proposed by Fang et al. [11] based on their X-ray diffraction results. The oxygen map in the same analyzed volume is shown in Fig. 3(c) . The Zr 2 (Cu, Pd) phase contains little oxygen, but oxygen is enriched in two adjacent regions. In order to observe the concentration change across the oxygen enriched regions, concentration depth profiles have been calculated from the analysis volume B as shown in Fig. 3(d) . The oxygen level ranges from 3 to 4 at.% in the oxygen enriched regions, suggesting that oxygen is partitioned in some crystalline phases adjacent to the primary crystals.
RESULTS AND DISCUSSION
In order to observe the oxygen distribution in the fully crystallized microstructure, the alloy was annealed at 730 K for 60 min. Figure 4 (a) shows a bright field electron micrograph and its corresponding SAED pattern of the Zr 65 Cu 15 Al 10 Pd 10 amorphous alloy annealed at 730 K for 60 min. A large number of nanocrystals with the grain size ranging from 20 to 40 nm are observed in the micrograph. The SAED pattern shows several sharp rings, indicating that there are more than three phases in this stage, but the structures of these remain unidentified. The presence of the remaining amorphous phase is not apparent in this stage. Figure 4(b) shows 3DAP elemental map of oxygen within an analyzed volume of 17 × 17 × 44 nm and 4(c) the concentration depth profiles of the alloying elements determined from the selected volume of 5 × 5 × 44 nm indicated in Fig. 4(b) . Each dot corresponds to a position of an oxygen atom. Oxygen distribution is not uniform within the analyzed region but enriched in some phases. The overall composition determined by this analysis is 64.7 at.%Zr, 14.4 at.%Cu, 11.4 at.%Pd, 9.0 at.%Al and 0.5at% O, which is in excellent agreement with the nominal composition of the alloy. Thus the chemical compositions determined in this analysis can be interpreted as quantitative ones. Region A is enriched in Al (~15 at.%) and the Zr concentration is lower than the average alloy composition. Although the structure has not been determined in this study, according to Fan et al. [11] , possible phases after complete crystallization are Zr 2 (Cu, Pd), Zr 2 (Al, Pd) and Zr 3 Al 2 , but these were proposed based on the limited number of peaks in the x-ray diffraction results. Based on the composition determined by the 3DAP data, the phase in region A is close to Zr 2 (Al, Pd) with significant substitution of Cu for Al. In this phase, approximately 4 at.% oxygen is dissolved. In region B, Zr concentration is slightly higher than those in the other two phases, i.e. ~70at.%Zr containing approximately 10at.% each of Cu, Al and Pd, thus chemically the phase is described as Zr 3 AlCuPd quaternary compound, but its structure is not known. Oxygen level in this phase is virtually zero. Region C is enriched with Al and Cu, and from the concentrations of the alloying elements, it is presumed to correspond to the Zr 2 (Cu, Pd) phase proposed by Fan et al. [11] with a significant substitution of Al for Cu. In this 3DAP analysis result, it should be noted that Pd concentration is uniform throughout these three phases, and it is concluded that no partitioning of Pd occurs during the crystallization reaction. Figure 5 shows a mass spectrum of an as-quenched Zr 65 Cu 17.5 Ni 10 Al 7.5 alloy. In this alloy, some of the mass peaks of Ni 2+ and Zr 3+ overlap and it is impossible to determine concentrations of Ni and Zr quantitatively. However, this study aimed to determine the distributions of oxygen atoms in the amorphous alloy in the course of the crystallization reaction, thus the overlapping mass peaks of some of the Zr and Ni ions do not give any influence on the oxygen distribution determined by APFIM. As shown in . Figure 6 shows atom probe concentration depth profiles of an as-quenched Zr 65 Cu 17.5 Ni 10 Al 7.5 alloy. Impurity oxygen atoms are uniformly distributed in the as-quenched Zr 65 Cu 17.5 Ni 10 Al 7.5 amorphous alloy and its overall composition is about 1 at.%O. The other alloying elements are also homogeneously dissolved. In the partially crystallized specimen, oxygen-enriched fine particle have been detected by 3DAP as shown in Fig. 7 . The oxygen content in the oxygen enriched particle has been estimated to be ~15%O with approximately 65%Zr.
As demonstrated in the two Zr-based amorphous alloys studied in this work, oxygen redistribution occurs as a result of crystallization. Oxygen is enriched in some of the crystalline phases, and this suggests a possibility of forming some metastable phases as reported by Altounian et al. [13] in Zr-Ni binary alloy. Recently, Köster et al. [14] reported that a quasicrystalline phase is formed when Zr 65 Cu 17.5 Ni 10 Al 7.5 amorphous alloy is crystallized, but more recent work by Gebert et al. [10] on phase formation in the alloy with the same composition but with different oxygen content reported formation of only Zr 2 Cu and Zr 2 Ni phases. This discrepancy in the crystallization products would be originated from the different oxygen content in the starting Zr 65 Cu 17.5 Ni 10 Al 7.5 amorphous alloy. In the Zr 65 Cu 17.5 Ni 10 Al 7.5 amorphous alloy used in this work contained as much as 1 at.%O, although it was not intentionally added to the alloy ingot. So far, oxygen redistribution has been observed only when crystallization products are observed. As shown in Fig. 3 , oxygen is not necessarily enriched in the primary crystal, but is rejected from the primary crystal. This suggests that oxides are not formed as the initial product. Thus, it is not likely that oxides themselves serve as heterogeneous nucleation sites for crystallization in these Zr-based amorphous alloys. However, as oxygen redistributes during the crystallization process and probably cause formation of some metastable phases, it is concluded that oxygen influence kinetics and phase formation of crystallization of Zr-base amorphous alloys. As oxygen is participating in phase formation, oxygen should be regarded as an alloying element in Zr-based amorphous alloys. This also suggests that controlling oxygen content in Zr-based alloy is very important to improve the thermal stability of Zr-based bulk amorphous alloy.
CONCLUSIONS
3DAP analysis results have clearly shown that oxygen impurity up to 1 at.% is dissolved in Zr 65 Cu 15 Al 10 Pd 10 and Zr 65 Cu 17.5 Ni 10 Al 7.5 amorphous alloys even if oxygen is not added intentionally. When the alloy is crystallized, oxygen redistribution occurs and it is partitioned in some crystalline phases. Although the structures of these oxygen enriched phases remain unidentified, the present atom probe results suggest that oxygen plays a significant roll in crystallization of Zr-based amorphous alloy, thus controlling oxygen content in the Zr-base bulk amorphous alloy is critical for developing stable Zr-based bulk amorphous alloys.
